We report a femtosecond mid-infrared study of the broadband low-energy response of individually separated (6,5) and (7,5) single-walled carbon nanotubes. Strong photoinduced absorption is observed around 200 meV, whose transition energy, oscillator strength, resonant chirality enhancement and dynamics manifest the observation of quasi-1D intra-excitonic transitions. A model of the nanotube 1s-2p cross section agrees well with the signal amplitudes. Our study further reveals saturation of the photoinduced absorption with increasing phase-space filling of the correlated e-h pairs. The quasi-1D confinement of photoexcited charges in single-walled carbon nanotubes (SWNTs) gives rise to strongly enhanced Coulomb interactions and large exciton binding energies on the 100 meV energy scale. These amplified electron-hole (e-h) correlations are a key aspect of nanotube physics [1] . With the availability of individually separated SWNT ensembles, this strong excitonic behavior was confirmed by interband absorptionluminescence maps [2], two-photon excited luminescence [3, 4] , and ultrafast spectroscopy [5] . Optical interband probes, however, are limited by symmetry and momentum to detect only a small subset of excitons.
The quasi-1D confinement of photoexcited charges in single-walled carbon nanotubes (SWNTs) gives rise to strongly enhanced Coulomb interactions and large exciton binding energies on the 100 meV energy scale. These amplified electron-hole (e-h) correlations are a key aspect of nanotube physics [1] . With the availability of individually separated SWNT ensembles, this strong excitonic behavior was confirmed by interband absorptionluminescence maps [2] , two-photon excited luminescence [3, 4] , and ultrafast spectroscopy [5] . Optical interband probes, however, are limited by symmetry and momentum to detect only a small subset of excitons.
As illustrated in Fig. 1 (a) in a two-particle scheme, SWNT excitons are characterized by a center-of-mass momentum K and by an internal quantum state (designated here as 1s, 2s, 2p, ...) that accounts for the relative charge motion. Each state splits into even (g) and odd (u) parity levels corresponding to different superpositions of the cell-periodic wavefunctions of the underlying graphene lattice [4] . This entails a series of optically "dark" excitons, including the 1s-(g) lowest-energy exciton that lacks coupling in both single-and two-photon interband spectroscopy [3, 4] . Splitting into singlet and triplet spin states additionally restricts interband optical coupling [6] . Finally, interband transitions are limited to excitons around K ≈ 0 due to momentum conservation.
Intra-excitonic transitions between low-energy levels of excitons with the same cell-periodic symmetry [arrows, Fig. 1(a) ] represent a fundamentally different tool, analogous to atomic absorption spectroscopy. In contrast to interband absorption that measures the ability to generate e-h pairs, intra-excitonic absorption detects existing excitons via transitions from the 1s ground state to higher relative-momentum states [7, 8] . Being independent of K, it is sensitive to genuine exciton populations across momentum space. As the cell-periodic component of the wavefunction remains unchanged, intra-excitonic absorption is also unrestricted by the exciton ground state symmetry [7] . Applied to individualized SWNTs, intra-excitonic resonances can thus measure both bright and dark excitons and should occur in the mid-infrared (mid-IR) after ultrafast excitation. In contrast to extensive interband nanotube studies [9] [10] [11] [12] , only a few ultrafast intra-band experiments have been carried out which focus largely on nanotube bundles [13] [14] [15] [16] . THz experiments on photoexcited bundled tubes revealed a nonDrude response attributed to small-gap metallic tubes or inter-tube charge separation [13, 14] . Mid-IR transient absorption was also observed in bundled nanotubes and assigned to transitions from allowed to dipole-forbidden excitons [15, 16] .
In this Letter, we report ultrafast optical-pump, mid-IR-probe studies of individually separated (6, 5) and (7, 5) SWNTs. Transient spectra after photoexcitation evidence strong mid-IR absorption around 200 meV, in accordance with intra-excitonic transitions of stronglybound e-h pairs in semiconducting nanotubes. The absorption cross section of 4 · 10 −15 cm 2 agrees closely with calculations of quasi-1D intra-excitonic 1s-2p dipole transitions presented here. The excitation-wavelength dependence and kinetics further underscore the excitonic origin of the mid-IR response, and its intensity dependence scales quantitatively with a model of phase-space filling expected for quasi-1D excitons. This intra-excitonic absorption represents a sensitive tool to probe correlated e-h pairs in SWNTs, unhindered by interband dipole or momentum restrictions.
Ultrafast spectroscopy was carried out in transmission using widely tunable femtosecond (fs) pulses in the mid-IR and visible range. Two near-IR optical parametric amplifiers (OPAs) were pumped by a 1-kHz, 28-fs Ti:sapphire amplifier. Resonant and off-resonant interband excitation was achieved using the frequencydoubled OPA or a fraction of the fundamental. The output of the second OPA was difference-frequency mixed in GaSe to generate ≈100 fs mid-IR probe pulses tunable from 4-12 µm [17] . We study individually separated CoMo-catalyst grown SWNTs of mainly (6,5) and (7,5) chiralities [18] embedded in 50-µm thick polyethylene (PE). Importantly, PE ensures transparency throughout our mid-IR probe range, except for a narrow CH-bend vibration at 178 meV. The films were fabricated by drying PE solutions in decalin mixed with micelle-dispersed SWNTs, after transferring SWNTs suspended in H 2 O with NaDDBS to the PE solution via ultrasound and thermal treatments. In Fig. 1(b) , the sample's photoluminescence (PL) spectra for resonant (6,5) and (7,5) E 22 excitation clearly exhibit the distinct E 11 emission of these individualized SWNT chiralities, with only weak emission from bundled tubes around 1160 nm [19] . The absorption spectrum [inset, Fig. 1(b) ] also exhibits the distinct E 11 and E 22 absorption peaks.
Ultrafast spectrally-resolved mid-IR transmission changes ∆T /T are shown in Fig The transient spectra are characterized by a broadly sloping, asymmetric resonance around 200 meV, with a steplike onset above 160 meV. This mid-IR resonance occurs in the transparent region far below the lowest interband exciton (E 11 ≃ 1.2 eV) and intersubband transitions (E 22 − E 11 ≥ 0.6eV). The peak energy is close to the (6,5) and (7,5) 1s-2p energy splitting in two-photon luminescence studies and calculations [3, 4, 20] . Thus, we associate this absorption with intra-excitonic transitions between 1s and 2p exciton levels of opposite parity. Both dipole-allowed and optically-dark 1s excitons can fundamentally contribute to this response. The dynamics exhibits a pulse-width limited rise of the photoinduced mid-IR absorption (inset, Fig. 2 ), which indicates rapid exciton formation. We should comment on the asymmetric line shape observed in Fig. 2 . The observed rapid onset and asymmetry point to a predominantly inhomogeneous broadening, resulting in a large ≃100 meV line width composed of multiple transitions, which matches well with similar spectral features in two-photon PL experiments [3, 4] . We attribute the higher-energy tail to intra-excitonic transitions from the 1s into higher-lying np bound states and into the broad continuum of unbound pairs, consistent with the asymmetric intra-excitonic spectra of quasi-2D e-h pairs [8] . Note that a much narrower peak seems to exist around 170 meV which we assign as an artifact [21] . Low-energy absorption is also observed below 160 meV which can arise e.g. from fluctuations of the dielectric environment around the nanotube and other chiral tube species [22] .
To further substantiate the nature of the response, Fig. 3(a) shows the excitation wavelength dependence. Resonant photoexcitation of the (6,5) and (7,5) interband E 22 transitions, at 572 nm and 697 nm respectively, leads to significant enhancement of the transient mid-IR absorption. The amplitude closely tracks the PL-excitation spectrum [ Fig. 3(b) ], which clearly underscores the tubespecific origin of the transient mid-IR response. This conclusion is further supported by the disappearance of the photoinduced signal for excitation below the E 11 transition [1250 nm, Fig. 3(a) ]. Hence, the observed photoinduced absorption arises from intra-excitonic transitions of (6,5) and (7,5) SWNTs. The mid-IR dynamics after (6,5) E 22 excitation is shown in Fig. 3(c) on an extended timescale, revealing a strongly non-exponential decay [dots, Fig. 3(c) ] over several 10 ps. The dynamics closely follows the E 11 exciton bleaching [solid line, Fig. 3(c) ], confirming that the mid-IR signals originate from excitations in the E 11 manifold. Thermal broadening k B T ≃ 26 meV at 300 K entails comparable occupation of dark and bright excitons (split by ≃ 10 meV), which enables this comparison. The decay has a bimolecular shape [dashed line, Fig 3(c) ], similar to the fs kinetics of excitons in individualized SWNT suspensions explained by exciton-exciton annihilation [9] , which further underscores the excitonic origin of the mid-IR response.
The mid-IR transmission changes can be used to estimate the absorption cross section σ || MIR of the intraexcitonic transition, whose dipole is oriented parallel to the SWNT axis. It is defined as σ || MIR = 3 ln(1 − ∆T /T ) / n exc , where ∆T is the initial transmission change and n exc the photoexcited density. The factor 3 accounts for the random SWNT orientation. Considering (6,5) E 22 resonant excitation in Fig. 3(a) one has △T /T ≈1.7% and n exc = (F/hω)×ln(10)A = 1.2 × 10 13 cm −2 , given F = 260 µJ/cm 2 and A ≃ 0.007 [inset, Fig. 1(b) ]. This yields the experimentally-derived value for the cross section of σ
For comparison, we calculate the intra-excitonic 1s-2p cross section based on a model of Wannier-like excitons in SWNTs. The normalized 1s and 2p wavefunctions of Coulomb-bound e-h pairs on a cylindrical surface are [23] 
where x measures the distance along the nanotube axis and a * B = 4πǫǫ 0h 2 /µe 2 is the effective 3D Bohr radius with reduced mass µ and permittivity ǫ. Furthermore, U is Kummer's confluent hypergeometric function of the second kind and B 1s ≡ 2
2 dy is a normalization constant. The binding energies are E 1s = −Ry * /(α 1s ) 2 and E 2p = −Ry * , where
is the 3D effective Rydberg energy. Also, α 1s is a scaling parameter that depends on the SWNT nanotube radius r NT via ln(α 1s ) − Ψ(1 − α 1s ) − (2α 1s ) −1 ≡ ln(r NT ) − 2Ψ(1) where Ψ is the digamma function [23] . For the (6,5) and (7, 5) SWNTs studied here, we have r NT ≃ 0.4 nm which entails α 1s = 0.33, and µ ≃ 0.067 from interpolated carrier effective masses [24] . The scale and shape of the resulting exciton wavefunctions are shown in Fig. 4(a) . For this, the permittivity which depends on the local dielectric environment was adjusted to ǫ = 6 to reproduce the intra-excitonic splitting E 2p − E 1s ≃ 0.2 eV from the experiment, which corresponds to a binding energy of 233 meV.
With the above, we obtain the 1s-2p intra-excitonic oscillator strength of quasi-1D excitons in SWNTs
For our specific parameters, f 1s→2p = 0.41. Transitions into higher bound np levels (n > 2) were also calculated but are very weak and add less than 15% in spectral weight. The spectrally-integrated absorption cross section is then determined as σ Int 1s→2p = 2π 2 e 2 /(4πǫ 0 µc n) × f 1s→2p = 4.4×10 −13 cm 2 meV, where n = 1.5 is the polymer refractive index. Spreading this absorption across ≈100 meV results in an estimated 1s-2p intra-excitonic cross section of σ 1s→2p ≃ 4.4 × 10 −15 cm 2 , in very close agreement with our experiment. Full modeling of the asymmetric mid-IR intra-excitonic line shape in Fig. 2 is beyond the scope of the Wannier-exciton model. However, the above illustrates a general consistency between the observed mid-IR signal amplitude and the quasi-1D 1s-2p intra-excitonic cross section, motivating more sophisticated theory to calculate bound-bound and boundcontinuum spectra with chirality-specific SWNT wave functions.
The transient mid-IR absorption represents a strong oscillator comparable to the interband absorption. In the photoexcited state, this low-energy oscillator strength is derived via transfer from the interband exciton peaks, i.e. from E 11 bleaching [10, 11] . As plotted in Fig. 4(b) , with increasing excitation fluence, the mid-IR amplitude |△T /T | exhibits a distinctly nonlinear behavior. This finding is well described by a saturation model △T ∝ 1 − e −F/Fs , shown as the solid line in Fig. 4 [25] . This yields from our experiment a saturation density n S = 1.4 × 10 6 cm
corresponding to an average exciton spacing d XX ≈ 7 nm. The value is close to the saturation density extrapolated from E 11 interband bleaching at lower densities [11] , while surpassing the saturation of time-averaged PL by more than an order of magnitude [12] . The difference occurs since PL depends on density-dependent decay times that saturate at lower densities, while our study detects the initial pair density. For comparison, we consider phase-space filling (PSF), i.e. the increasing occupation of the constituent Fermion states of the exciton many-particle wavefunction [26] . The PSF density is given by
, where ψ k are the Fourier coefficients of the exciton wavefunction ψ(x), and L is the normalization length [11, 26, 27] . For our quasi-1D 1s exciton wavefunction [ Fig. 4(a) ] this yields N PSF S = 2.5 × 10 6 cm −1 . Hence, the mid-IR response approaches yet remains somewhat below the limit imposed by phase space filling.
In conclusion, intra-excitonic transitions are both a direct consequence and a measure of e-h correlations. Our experiments provide new insights into the chirality-specific femtosecond mid-IR response of electronic excitations in individually separated SWNTs. A photo-induced absorption around 200 meV was observed, manifesting quasi-1D intra-excitonic transitions in close agreement with the calculated 1s-2p oscillator strength. The (6,5)/(7,5) chirality-specific enhancement and nonexponential kinetics of the transient mid-IR absorption further underscores its excitonic origin. We believe that the mid-IR probe, extended e.g. into the lowtemperature or low-density limit, will provide a versatile spectroscopic tool to investigate bound quasi-1D e-h pairs and their internal electronic structure independent of interband symmetry.
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